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Al’lU'KACr 

UKiii' uMwi'Liiiaiibii Moro comtuctod cm hit;h 
jmj'Uy iron, iilolcui. niul til.uniuai in nlr undor oondi- 
t Unui or vnriod humUHiy «nd l:owt^irat.uru, mui in nliro- 
tVr 1 . 1 ‘icn nnd Lltimlniii, itmsliiiiun 1‘i'rtfetlii^ orunrrnd 
ssl iO nnd 30 poroonli roinbivo Imwldlby rnniH'cl'ive.ly. 
Wolcijl nhoicod n minimum In I'rol.tliirt uuicr ut. aboid 10 
l\n\'«nt volnbivo humidlby. WU.li Inoronnint; tflmisivn- 
turc', nil Ihrec! wal.nia InibinUy nhowml rmiucnd i'rol.- 
i lnt? nmir, wUi)> IndronnlUK wnnr uhnnwnd na btiiuvwrn- 
tnirca Inornnaod Imyond 1100*300'* C, Kor t.;Uunl«m, 
vlrnimil li'nlly vuduoed (‘latblng wear \ftut ohaui’Vtnl at. 
(.omynratm’oa abA'Vii bQcJO C, rul.afcab.Lii l,o n ulianjju in 
Aisldafcii'in tclnubioa. AIL fchi'uU muliiVa ahowud muuh iunn 
(’ruUilnB «U!U‘ in N;', Wltli fclai yruiiunuu oi’ molnbwo in 
K;. having a proiiortiloimLly abronijiii' ui'ioub fchmi in air. 

INtUODlWHON 

Kroktlnn ia a war or imri'aco dtuuago phenowunon 
uauaud by .Vow iuniO/ibuita oaulliaLory mpbion buLvuon 
L.WO uouLncliiiiB acuMViiion. Vuafcuruii fclmfc, diiifc.lnfiuinh 
I'ruttilnji; frosii olihor wodon of wuitr aro fclm vlbriitovy 
imfcuru of tilu) litoblon, and fclio lonK robnnt.icjn blwu of 
Oubrin iiv tdiu o.inliaut) nrunn. indtiud, Uiu iniburu uml 
rolu of frutbliifi woftr dubria biui boon tdwi mdiJooL, o.f 
ounnidurab.lu GtuuW, lUyuunnlon and liiHicuiabion, 

tiinuu froUiiutj, affcor an inUilal ’'run-in" jiuriod, 
iis a dradUiLL ju;ucua!i of imifcor lid roiiic)va.l, from tiiiu uon- 
Laidi aurfavoa (L-5), vary mnfio offortuuifcy for in- 
fcoraofclon bulwuun «>u\d.ronmontal. fiusfcova mul frutibins 
ia v'i''iaunl'. Thu infiuunuu of uaviroiununti on iVebbinK 
ia frOiUMuLuantly l.hrouAh oorroalvo uffooba. Tliuru- 
fore faiitorti nuoh na fcqmixii'abuv'Ai, InauidUiy, !Uid j>ro!i- 
unbu or abaoncu of oorvoaivu conabU.uunlm in L.hu on- 
virontiionfc (u.k. 0>;) wtiuLd bq cayuuliud bo af.fuub bho 
u.'cbuiib of Crabbins Altmmgu, 

llnmidiby eflVu’ba oi» Uio frotbinfi of mild libuoi 
worn invofil.igabod by Kong nnd Ulilig (>l), !uui Wrlglib 
(LOj both of wliom idunbifiud a bi'und of itooroaHim? 

C, rubbing wuav with inevonaud Imiuldifcy, Wnbisrhmum (f>) 
auggAiata thsib Immidtby mighb havu Loo of.fooba, both 
H!iaoA.’.iHbiitl Cs'ibh bho Alobria, Kirnb, inoiaburu ndaorbod 
onbo Will aurfnuo of ilubrla iinrUiuloa mlghb ncjb na n 
l.vtbrLcnnb, isroinobing woinj rjiyid dobria ciiaiwa’anl nnd 
.Vuaa abraaivn voa.r. Socond, a aofb Ivydrnbod iron 
osidu itKijV form in bho ivruaom:o of moiaburo, again ro- 
auLbing In loan uhrnalvo auhion. 

thng nnd UUlig (*1)? and Kurriuka (7,£l) abaorvuii 
duoruaainK .frcbblng wUiu' wibh lacraaaing bamnarabui'o 
for 111 , lid abooL, ll'lio broad ia abhrihutovi bo dlmin- 
iahod muba,l.-to-iuobai. contiaub and adhualvu diuiiagu bo- 
uiiuau of biic 1 'roboob.Lvu aubion of aurfaco osLda filma. 
Wriglib (s>) migguaba biiab abovo a branaibLon bumiiorn- 


buru, ai'ooifio for ii glvon mobni, raylAl osidatlvn 
Idnutlua might yvomoto unlmncod fmbbing wear nnila- 
bnneu; bulow bho Lrauaiblon bomferatui'o bho oKlde film 
la inoohiuiloiilly diaiaiiitod on oarh frubblng oyclo. 

Ksporlmunba eoaduotod in K;; (3,4) havo genernUy 
ahown rednood frotUng wear ooaiiiaiMd t.o roaultr ob- 
bainod in air, doai'lbo Ww nbaimeo of aurfaeo frcdee- 
bion offeeba abbrlbubabio to oxidq f.i Uiui, linw, I lie 
imi’drbatiee of eorroaiun roiabod wuelianiamn In aoeolrr- 
nblng .fi'obbing wear La emphaaiv.inh 

i'he. imt'iioao of thiu liu'oablgaUou in bo abiuty fhe 
of foeba of InaiiLdl by lovol, bmniairabiiro , and inert on- 
vironwntib (N'l) on bho frobbing woiu* of higli purity 
iron, nickel, and tibrnmua. i'he roanl.ba jiro inlendvid 
bo proride a L'louk of data, wU.h aaaoolatcd iivLcrii- 
ocople oLniervabi.ona, in which l;oat; goomobry and oUier 
o.\jx'.riinentnl paraJiioi.oi'a won; ail couabanb. Tlie iiiebala 
elioaon for tlio laveabigabion reyroaout a range of 
belmvloi' bo bo tisyocboil in vnrloua mubnillo ayatema, 
and at tlio n!ur.u time are well cluiracterired from tlie 
atandyolnb of oaldation kinobica, lb ia hoyud bhat 
bho roloa of aomo of the frobtlng em'ironmental vavl- 
ablon will be ciarlfiod, and ustondod bo mebnUle aya- 
boma other Wian carbon at, eel, on which moab of the, 
work bo dato Ima been lairformod. 

AyfAitviiia 

A iichejmibii' ilLagram of t.lio frobbing rig ia aliown 
in figure !• A linear oocillnlory mobiuu ia i>rovided 
by an oioi;broiiiagneticn,U.y driven vibrator with tlie 
frouuoney oontraUed by a variable, oacillator. Tlie 
load ia ai'pllod to the at'eeViuena by id.aciug yreeiulAin 
welghta on a yaii whi'’li ia hung from tdso load arm. 

’I'hu frobbing ayucimenii eoiuiiat of nu uinior, atat.iouary, 
4,76-uiillJmetor-radiua, hewi.apliorical tip in oontacb 
Wibh a lower flai. whicli ia drlvoa by liho vibrator, 

i'uring high-I.emyoraburu o.'CpQ.r.Imonti.a, t,|io aiioel- 
mona and grly aaaeml'i iua wore aurrounded by a ?W- 
abalnloaa-atual auacoybor wlilcli waa huated by an in- 
duebiou Coll. The bomyornburQ wna nicmibored by a 
blwrmoconylo yvobe mcmiibod in the lower grip. The 
grlpa wore ayuolally deaigiiod ao that thoy aborad 
auffleiunb olaisbic oni>rg.y bo onaurC bliab no nli.ppago 
would occur aa a laujulb of dlffoismblal blmriwil exi'tui- 
alon. 

A dry air onvironiueut waa ]ua)\'ldud by flowing air 
bhrgugh an abaorybion di’lor, then into the o.siv'rimiuil.- 
nl clnuabor. In thia wa.v, moiabura coubonb wna kept in 
bho x-ango of 10 bo lUO yavba iwr mlllioa. When a 
molaburo-aaturabod envLroumanb waa douirod. the air 
wall bubblod blu'ough a wabur-fillod colimm, then led 
into the chfusiber. Inbormedlato lovola of Immldity 
wavo obtainad by mi.sing dry air with moiature aatu- 


rated air. A hygrometer waa uaed to monitor the rela- 
tive humidity of air flowing into the teat ohamber. | 

raoCEDUKE 

Defoj-e fretting, the flat apecimens were lapped, 
mechanically poliahed with 0,05-miororoeter alumina 
poliahitig compound, then rinaed in pure ethanol. The 
hemiapherical tipa, ground to a 0,1-microneter | 

(i-pin,) finish, were scrubbed with 0.05 micrometer 
aliuniim, and rinsed. 

Following surface preparation, speclmena were • 
assembled into the grips In like-metal combinations. - 
The teat chamber waa then purged with the desired gas, 
purge times being one hour for dry air and saturated 
air, and four hoiu's for Ng. For elevated temperature* 
cxpcrlmeiita, all conducted in dry air, one hoiir was : 
required for the specimens to reach the selected 
temperature and for the apparatus to reach thermal 
equilibrium, during which time the dry air purge was 
conducted. 

With the vibrator now turned on, fretting was ^ 
initiated by putting sufficient weight into the pan 
to just bring the specimens into contact. Additional 
weight was then added to apply the normal load to the 
rubbing surfaces. A normal load of 1,47 newtons was 
used in all cases. Other experimental conditions in- 
cluded a peak-to-peak amplitude of 50 micrometers 
(0.002 in.), a fretting frequency of 80±0,2 hertz, 
and a duration of 3x10*^ cycles. 

Following each fretting experiment, the fretting 
scar on the flat surface was photographed to record 
the size and features of the wear soar and the debris 
accumulation around the scar. The loose debris was 
then rinsed off with pure ethanol, and a light sec- 
tion microscope was used to measure the wear volume 
on the flat specimen. 

Specimens that were examined in the scanning 
electron microscope (SEM) were ultrasonically cleaned 
in methanol before viewing, to remove as much debris 
still adhering to the wear scar as possible, 

MATERIALS 

The titanium used In this investigation was of 
99,0 -percent purity. The principal impurities were 
carbon (150 ppm), oxygen (350 ppm), and silicon (150 
ppm). In the as-machined condition, the hardness of 
the specimens was 74 on the Rockwell B scale. After 
exposure to 650° C for 1 hour, the hardness was mea- 
sured to be 69 (Rockwell B). Further exposure to 
650° C conditions in air resulted in no further re- 
duction in hardness. 

Iron of 99.9.5 percent purity was used in this 
fretting study, the principal impurities being carbon 
(30 ppm), oxygen (78 ppm), silicon (35 ppm), sulfur 
(30 ppm), molybdenum (50 ppm), copper (40 ppm) and 
tin (40 ppm). The hardness of the specimens was 21 
on the Rockwell B scale. 

The nickel used was of 99,99 percent purity, and 
the chief impurities were carbon (SO ppm), oxygen 
(20 ppm), and copper (15 ppm). Hardness of the nick- 
el was 7 on the Rockwell B scale, 5S on the Rockwell 
P scale. 

RESULT3 ARC BISCUSSIOK 

As may be seen in figure 2, the effect of rela- 
tive humidity level on the fretting wear of high 
purity iron is a complex one, A sharp increase in 
wear occurs as the humidity is increased from dry air 
conditions to about 10 percent relative humidity, 
flirther increases in humidity result in a gradual re- 


duction in fretting wear, with a minimum somewhere 
between 50 and 70 percent relative humidity, and n 
slight increase in wear as satui'ated air conditions 
are approached. These results compare trend-wise with 
those of l^ng and Uhlig on mild steel (9) over the 
intermediate liumidlty range. Peng and Uhlig did not 
conduct tests, other than those ).n dry air, at humid- 
ity levels lower than 20 percent relative hujnidity, 
because of rusting of the mild steel they did not con- 
duct tests In saturated air. 

Optical micrographs shown in figure 3 indicate a 
striking effect of relative humidity on the distribu- 
tion of fretting wear ilobrls and nature of the fret- 
ting contact. Under dry air condition virtually all 
of the debris was retained in the contact area in the 
form of dark, oxidized material, as may bo seen in 
figure 3(a). Fretting under conditions of 10 per tent 
relative humidity resulted in dispersal of fretting 
debris from the contact area (fig. 3(b)), with expo- 
sure of metallic contact regions; the debris was red- 
dish brown in color. Further Increases in relative 
humidity did not bring about changes in the distribu- 
tion of wear debris and nature of the fretting contact, 
until saturated air conditions were approached. Alter 
fretting in saturated air, the wear scar was virtually 
free of oxidized debris, all of the debris having been 
extruded from the contact area. The material compris- 
ing the contact area had a smeared metallic appearance. 

Scanning electron microscopy ( fig. 4) revealed a 
"leafy' wear scar surface after fretting in dry air. 
in reference 10, a ."limllar surface morphology was re- 
ported for 9310 steel, and wear was described as pro- 
ceeding by the gradual disintegration and oxidation 
of material comprising the edges of these layers or 
leaves. The mechanism was described as being a corro- 
sion enhanced fatigue process. Similar fretting sur- 
faces have been reported by Waterhouse for carbon 
steel (11) and by Hoeppner for Ti alloys (12), In 
contrast, the surface produced by fretting in satu- 
rated air is quite smooth as may be seen in figure 5, 
Only near the edges of the contact area where metallic 
material has apparently been extruded is there any 
evidence of layered morphology. 

Fretting wear debris generated under dry air, 

50 to 60 percent relative humidity (humidity varied 
during the long fretting exposure) , and under satu- 
rated air conditions was examined using TEM, and elec- 
tvon diffraction patterns were obtained for the tlwee 
debris samples. The electron diffraction patterns for 
the samples, shown in figure 6, were characteristic 
of a-FegOs* This observation was verified by X-ray 
diffraction studies performed on debris samples from 
saturated air fretting. Distinct diffraction spots 
were discernible in the patterns from the saturated 
air and intermediate humidity samples. A comparative- 
ly weak ring pattern, showing no spots was obtained 
from the dry air sample. The diffraction observations 
correlate with apparent crystallite size of the Feg 03 
comprising the debris. Under saturated air and inter- 
mediate humidity conditions, the debris la seen in 
figure 7 to consist of agglomerations of flat crystal- 
lites about 0.02 micrometers in diameter. Debris 
.generated under dry air fretting conditions forms a 
layered structure with no clearly measurable crystal- 
lite size, thus giving rise to the diffuse diffraction 
pattern. 

Together, the wear measurements, microscopic fea- 
tures of fretted areas, and analyses of debris are 
consistent with the suggestion, put forth by Water- 
house (6), that one of the effects of moisture pres- 
I ence might be the adsorption of HgO onto debris portl- 
I cle surfaces allowing more rapid egress of debris from 
the contact area. Long debris retention times under 


tiry air oondlfciono loado to repeated working q/' par* 
tlculatop, proCTtlng Uio very I'iiio cryabullltcj^aiac 
observodi The long term precenco of debris oillbhe 
wear ourfacc also affords some oiirfauc protoct'^on by 
Inliibiting metal to metal oontaot, Tliero is ctjrtain- 
ly no direct evidence that different oKldeo ai"!* 
formed luider tb’y air and saturated air frettlnli con* 
ditlons. Additional effects attributable to ii|^rcascd 
molstm'o content might include accelerated corrosive 
wear of tlic iron, and uiilianced surface plasticity 
under weaj' conditions (13), The latter effect, luiown 
as the Uchblnder effect, is consistent with the’ 
fretted siu'fnoo allow’d in figure 5, I’ 

Titmiluiii sb.owod tlic siune genernl fj'otting*)^eiu’ 
ti'ends ultl) increased relative luunldlty as woi’c 'ob* 
served for iron (fig, Q), Maximum fretting ociiirirod 
at about 30 percent relative luuiiidity, and thc'h'db* 
ting wQtu’ under saturated air conditions was oonsid* 
orably higher bhmi under dry air conditions, Th^ ap- 
pom;aiico of tlie wear sours after IVotting luuler ;Vari- 
onu Inuriidlty conditions ( fig, 9) did not ohaJlg<^ so 
drnmutlcnl].y as the wear sows on iron did, iiio tlry 
air fretting contact surface was mostly smootli, pith 
some pitting whereas fretting In saturated air 4 ’c- 
□ultcit in a "leafy" heavily pitted surfnee us imiy be 
seen In figui-e 10. After lod cvelou of li-ettlng in 
dry air, liowqyer, the contact sui'faco on titanium 
began bo slioi^r the degree of pitting mid disruption 
soon after 3xlot> fretting cycles in satm’ntod nlf. 

Prota this obEervation it is ooneludcd that part of 
the effect that molstiu'c lit tlic envlrotwient has on 
I'l’ettitlg of bitantiuii is to noceleratc siu’fnce fatigue. 
This is coiisia tent with stress corrosion efrecha ob- 
served diu’lng the fatigue of tltaniiun alloys in HnO 
(U). 


A iiilnimimi Is observed at about 10 percent rela- 
tive humidity In the iVobting wear volme versus 
bumidlty cm’vo for nickel, shown in figure il. 
Slightly more IVetting wear was observed under subu- 
rated air conditions than under cU’y al.r conditions, 
Tlin 'n'ciir scar on nickel lifter I'j’ottiiig ill dry air was 
covered with dark oxidised debris, with only occn- 
sloiuil spots showing evidencQ of metal to metal con- 
tact (fig, rfi(ii)), the sltimtloii resembling tli.it ct’- 
sefved on iron after fretting in io jiercoiiU rclntive 
liisuldlty nlr. Inci’ensing the Inanldity rosultod in a 
highly iiiotallie appearing contact tiron, with exten- 
sive plnsti.C working in evidence (fig. 12(b)), ua was 
the case for iron under high luunldlty coiulitlonn. 

Mebnllogrnphic seotlQiis through fiMtting weiui 
Bcm’s on nickel after e.\posure to fretting in ili'y air 
and snburated air arc shown in flguroa 13(a) mid (b) 
respectively. At'tor fretting in air, surface 
pitting mid roughening are in evKU with lucal re- 
gions of heavy plastic defoniiation mui some jiroas of 
incipient spnllntion, 

Tlic resuits of fretting oxpcr.'.ments coiuluctud in 
a nitrogen environment lire shown In figwe l-l, with 
the air results included for comparison, in all, 
oasos, for iron, nickel, and titniiiiuu, ih’etting wear 
in dry N*^ was about and order of magnitude lower than 
tluit in liry iiir. Introduction of moisture into tlie 
nitrogen environraonb i-esulted in a proportionally 
greater increase in fretting wear tliun did tlie intro- 
duction of moisture into air, espooially for nickel 
and titanlimi, 

The iiiicrograplis of figures lb and 16 sliow the 
fretted surfacos resultiiig tYom experiuxsubs in nitro- 
gen for nickel arid titanium respectively. Comparing 
t)ie two figures it is interesting to note blint no 
loose debris was observed after lYetbiiig nickel in 
eittier dry or satiu’ntcd nitrogen, whereas pi'odigioiis 
amounts of black debris were seen for titanlimi in 


botli environments. Also, the oxtonuively worked me- 
tallic appcnraiicu of blio wear’ scar on nickel after 
fi'ottlng in satm’nted nitrogen (tills tyiio of wear scar 
was seen on iron us well) is very ulmlliir to that seen 
on iron and nickel nftor fretting in anturated nir. 

lYetting wear us a ikmetion of tomporntiu'c io 
shown for iron, nickel, mid titanium in figium I'/. 

All throe iieUals sliow a distlnci reduction in Wonr ua 
temiHjrntiu’o in incretisod from 23° to 2i5° G. Incromi- 
Ing the tcmporatiu’c beyond 215° C for iron mid bitnnl- 
luii (330° C for nickel) results in incronuod fretting 
wear, oxpucially for tlbiinlum. As the tcmiioratiu'o in 
iiicrcnaod beyond 500° 0 for titmiium, liowovor, a rapid 
reduction in fretting worn’ is observed. 

Thu results obbaliiort at 215° C are coiiolntont 
witli the obsorvatlons of lliu’rickn (15) on blio fretting 
of mild steel. Uoiliictioiis in fretting wear arc attrlh- 
iitiiblo to oxide f.ilm protection of the contueting aur- 
fnccut, reonlting in diminished mot.al-to-mctal contaet. 
Migiii’e 10 shows tlie contaet surfncd on nickel nftci’ 
lYetbliig at 215° C. Simllai' fontui-OB wei'o seen on 
iron mid titmiiiun. Except for a ratlior largo opnllod 
region in the center of the wem’ aonr, little iwiturial 
had achiuilly been I'eraoTCd fj-om tlie fretted aiu’fnco. 

The genenaiy increased IVotting wear observed 
to nccompmiy further increiisea In terai'crutiu’e Is not 
coiisistonb with the ovcnill results of llwricks (15) 
for mild steel, nor with the observations of Peng mu1 
Uhllg (i). It la felt that the diatigroemeiibs with 
llnrrlek*n rosulliu ai'o duo to two oi'fecbs. V'irst, the 
piu’o metals, piu’ticularly iron, used in the proaoiiU 
stiuiy ai'e ainiceptiblQ to aaftening at; elevated tem- 
pei'atnres - more so than the mild steel used by 
Ihu’ricka. Softening would lead bo increosed pinotic 
flow of iiuitoriiil under eontaob oonditiona, causing 
disruption of the oxide filiii. Further, the fretting 
froqiiciicien employed in this study are more tium 10 
times no high ns those used by llurricks. Tile tlilck- 
noau attaliinhlc by u protective oxide film on a region 
of contact in t.lio time interval between contact inci- 
dents would therefore bo rcdiieed. In fact, an oxidti- 
tion weal' meclimiiam as proposed by (^nlini (16) would 
explain the iiicrenaed riito of fretting wenr ns tom- 
por.iUii’e 1 a- innreaned to G for Ki mid Pe, luid to 
500 ° 0 for bltanlisii. 

The drtumitie docronse in fretting wooj’ of tihmii- 
imi as toraporatiU’c is Increased beyond 500° G can bo 
best iinderstood iii termn of the oxidation klnoti.os of 
bifcuniisii. Under static oxidation conditions, titanium 
undergoes a transition from i-clabivoly slow cubic 
kiiuiticn to more rapid piu-abollo kineticn nt a tom- 
perakure somewhere boiiweOii 500° mid 600° G (17,18) . 

In all Ciiaes the oxide formed is reported to bo TlOn. 
When rapid parabolic oxidation kinetics prevail, a 
thick dense oxide .film fully capnblo of supporting the 
Contaet stresuen is maintained in the contact area. 
Whatever wear occurs io completely within the oxide 
film - n aigiiliicmit depm’tm'e from oxidative wear an 
proposed by Gniim (16), Indeed, the mlorogrnplis of 
figure 19 for titanium fretted Burfncoo generntod at 
650° C show almost n polished npixnirmice, with the ox- 
copbion of criicks ohoerved to form in tlie film. The 
metallograpliic section shown in figure 20 reveals no 
evidence of metal Sutstrnto distress under the .fret- 
ting area. 

It is eoiK'lUded ihut Ml, uliich oxidir.es slowly 
coinpiu’oil to titmiiiun anovo 500° 0, fonning n soft 
easily worn oxitlC! is nivable to Maintain a protective 
oxide film iti the contn .-t area under the fretting 
conditions imposed here. Iron, which begins i’alrly 
rnpiti parnbolie oxidation above 325° C (19), forms n 
layered scries of different oxides wltli considerable 
poro3li;y; tints the oxide film is prone to spallation 
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Figure 1. - Fretting apparatus. 
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Figure 2. - Fretting wear volume as a function of relative humidity for 
99.<>% iron. 
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(b) 10 PERCENT RELATIVE HUMIDITY. 

Figure 3. - Fretting wear scars on high purity iron after 3xlo' 
fretting cycles in air under indicated humidity conditions. 
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Id) SATURATED AIR, 


Figure 3. ■ Concluded. 


(c) 35 PERCENT RELATIVE HUMIDITY. 
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Figure 8. - Fretting wear volume as a furiction of relative humidity for 
99 . 9% titanium. 
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Flqiirp 10. - SrM phoU'tit,i|>hs »>t tu'ltinii wiMt m.us on hiijh 

purity titanium altot hlO’ iu Icn in Oiv ait ami saluratwl 
air. 
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Figure 11. - Fretting wear volume as a futuiion ol relative humidity 
tor high purity nickel. 
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Fiqiirp n, - Mot.ilKniKiphu srtliotis ttwoiuih Iti’Himi rt«\u si'.tts on hiqh 
puritv niikt'l jftot MO*’ (vi U’s in iliv .111 .iiul s.iliiulrtl Jii. 
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(C) SATURATED NITROGEN, OVERVIEW 


(d) CENTRAL REGION OF (c) 
Figure 15. - Concluded. 











(d) CENTRAL REGION OF (cl 


Concluded, 
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TEMPERATURE, °C 
(C) TITANIUM. 
Figure 17. - Concluded. 




(b) CENTRAL REGION SHOWING SPALL PIT, 

Figure 18. - Fretting wear scar on high purity nickel after 3x10^ cycles 
at 215° C. 


(a) OVERVIEW, 







(b) CfNTRAl REGION OF (d) 


Fiqure 19. - SEM photograph of (rottinq wear scar on hiqh purify titan- 
ium after ?xlO^ cycles at 630^ C. 







